The article presents the results of experimental studies in high performance milling of AlZn5.5MgCu aluminum alloy. The tests were performed with the use of end mill cutters with different serrated shapes of the cutting edge. End mills with continuous, interrupted and wavy with varied profile radius were used. The tests were conducted on a DMG's DMU 100 MonoBlock machining center with cutting force components measurement in workpiece system capabilities. The experimental tests were carried out using varied radial depth of cut ae and feed per tooth fz parameters according to applied three-level full design of experiment. The relationships between ae and fz parameters and cutting force components for various cutting edge shapes were determined. A continuous cutting edge was adopted as a reference shape. Based on the results of the tests, cutting force components models for analyzed cutting edge shapes were determined. A comparative analysis between the developed models and relationships was conducted. The study proved that when adopting end mills with serrated cutting edges, lower cutting force components are obtained, in comparison with cutters with continuous cutting edges. The results also showed that for end mills with serrated cutting edges radial depth of cut ae has a negligible influence on the feed force component Ff. The results proved, that end mills with serrated cutting edges should be used in high performance machining, where high values of ae and fz parameters are adopted. Furthermore, machining of thin-walled workpieces can be a potential application of these end mills, as lower values of cutting force components reduce the risk of deformation of milled thin walls.
Introduction
Researchers always try to develop new ways to improve milling processes, one of which is to increase cutting parameters, such as cutting depths and widths as well as cutting speed [1] [2] [3] . This is mainly the result of constant efforts to reduce machining time and production costs. One of the milling methods, which allows to reduce machining time is high performance cutting (HPC). HPC is used primarily as roughing machining, where high volumes of workpiece material are removed and surface quality is irrelevant. It is difficult to accurately define the concept of high performance machining. Various attempts at defining HPC may be found in the literature. One of the ways to differentiate a high performance cutting from conventional machining is to use a cutting volume Q w , which depends on the feed rate as well as on the axial and radial depth of cut [1] . It is commonly accepted, that in HPC the following range of cutting parameters is adopted: a p is 0.5 D c to 1.5 D c (mm), a e is 0.3 D c to 1 D c (mm), f z is 0.1 to 0.3 (mm/tooth). A characteristic feature of HPC machining is the use of 2-5 times the usual cutting speeds v c in comparison with conventional machining, in addition to higher feeds per tooth f z , radial depths of cut a e and axial depths of cut a p [4, 5] .
One of the practical applications of HPC machining is milling thin-walled integral structures made of aluminum alloys used in aircraft constructions. Such parts are characterized by a large number of closed areas of great depth as well as a high volume of material necessary to be removed and thin-walled structures [5] . As a result, roughing machining has to ensure high milling volumes, but cannot lead to elastic or plastic deformations of milled walls. Thus, it is important to try to reduce the cutting force components, mainly normal to feed cutting force component, and as a result decrease the mechanical load on the milled walls [5] [6] [7] [8] . As a result of the local decrease in cutting depth by the value of elastic deformation of the workpiece's wall, additional allowance remains on the workpiece, which has to be cut in the following machining pass. This results in a significant increase in total machining time or leaving larger allowances for finishing machining in order to increase the stiffness of the wall. Therefore, ensuring the proper conditions of HPC machining, that will not result in an occurrence of such cutting force components values, which in turn would cause elastic or plastic deformation of a wall is of great importance [5, 9, 10] . One of the ways to reduce the cutting force components is to use tools with varied cutting edge shape.
For the HPC machining, solid carbide end mill cutters are usually used. In the case of HPC milling of aluminum alloys, 3 flute end mills are commonly used. One of the crucial macrogeometry parameters is cutting edge shape. The cutting edge shape may be continuous, interrupted or wavy, and in the case of the last two, it can also be described as a serrated edge [1, 11] . In the case of interrupted cutting edge, a few different shapes may occur, for example triangular, round, square etc. This type of edge is shaped in the form of notches offset from each other by the constant value. As a result, during the rotation of the cutter, the notches in subsequent edges pass each other. A similar situation takes place in the case of a wavy shape of a cutting edge, which may be shaped with different values of inner and outer radius creating a constant or variable sinusoidal shape [1] .
The shape of a cutting edge has a significant impact on the milling process. In particular, it greatly affects the chip forming process, vibrations and cutting forces [11] . In industrial practice, end mills dedicated to roughing machining of aluminum alloys characterized by the varied shape of a cutting edge can be found. There are, however, no experimental tests available, that would clearly indicate what is the effect of the cutting edge shape on the high performance milling of aluminum alloys. The cutting force is a basic process parameter influencing machining and the quality of the workpiece. The determination of the cutting force values during the HPC machining is of significant importance because it allows to determine for example the load on the tool or the load on the thin-walled structures [5] . The total cutting force, which is a sum of vectors of all forces, can be broken into an active force F (in the work plane), and into a reactive force F a (perpendicular to the work plane), Fig. 1 . The active force varies with the cutter contact angle ϕ and may be broken into forces F f and F fN related to the workpiece, acting in the feed direction, or rotating forces F c and F cN related to the tool, acting in the cutting speed direction.
Previous works focused mainly on modelling of milling process [12] [13] [14] [15] [16] . For instance, Liu et al. presented a theoretical model of dynamic cutting force [17] . The influence of the effective rake angle and the size effect of undeformed chip thickness were included in the formulation of the differential cutting forces on the basis of the theory of oblique cutting. There are also known works describing the kinematics and dynamics of milling with the use of end mills with differently shaped cutting edges. Works [18, 19] present analytical models of cutting force as well as process stability tests for cylindrical and conical milling cutters with a wavy sinusoidal shape of a cutting edge. However, the results were not compared with other shapes of the cutting edge. Merdol and Altintas created a theoretical model for tools with the interrupted shape of a cutting edge. Dombovari proposed a model for predicting cutting forces using serrated tools. The article confirms the practical advantages of using this type of tools. Koca and Budak describe the simulation and optimization of cutter geometry [20] . Various parametric shapes of a cutting edge were tested in comparison with a continuous shape, for which the lowest cutting forces were obtained. In work [21] the influence of the depth of the cutting edge's profile on cutting forces was investigated. An analytical model was developed, and on its basis a simulation and experimental tests were conducted. The results proved that when increasing the depth of the cutting edge's profile, the cutting forces are decreasing. In his work, Campomanes proposed a dynamics and mechanics model of end mills with the interrupted shape of a cutting edge [22] . The model shows the average values of cutting force coefficients and approximate chip thickness. Moreover, Campomanes found that the introduction of the interrupted shape of a cutting edge improves process stability. Grabowski et al. presented a method of cutting forces prediction as well as examined the stability of indexable cutting tools [23] . Sultan and Okafor on the other hand developed a model for prediction of cutting forces for a bull-nose wavy-edge helical end mill [24] . They examined the influence of geometric parameters of WEBNHE on the resultant cutting force as well as on the predicted cutting force components. Budak and Techranizadeh studied the effect of serration and proposed a new method for optimizing serrated shapes [25] .
However, these were only fragmentary studies, without a comparison with other types of the shape of a cutting edge. Therefore, there is a lack of works focusing on the influence of the shape of a cutting edge on the HPC process of aluminum alloys, and on the cutting forces and its variations in particular. Considering the above, comparative studies of high performance milling of a selected aluminum alloy AlZn5.5MgCu, commonly used in the aviation industry for hull structural parts and aircraft wings, were conducted. Four different shapes of a cutting edge of end mills dedicated to HPC machining of aluminum alloys were tested under the same conditions. Based on the recorded cutting force components values, mathematical models were developed, allowing a comparative assessment of the examined shapes of a cutting edge to be performed.
Materials and methods
The experimental tests were carried out on a DMG's DMU 100 MonoBlock multi-axis machining center. The machine tool was equipped with specialized measuring equipment dedicated to measuring cutting force components. The measurement of the cutting force components was carried out in the workpiece system. A cutting force measuring platform is an original design based on a four, three-component Kistler's piezoelectric sensors type 9601A31. They are characterized by a measuring range of ±2.5 kN in the direction of the X and Y axes and ±5 kN in the direction of the Z axis. In the milling table plane, F x (F f ) and F y (F fN ) cutting force components were measured and in the direction of the Z axis, F z (F a ) was measured. The voltage signal from the dynamometer was transferred to the National Instruments' A/D converter type USB-6003. Force signals after conversion were recorded with the use of the Signal Express software. Fig. 2 presents the test stand. The test samples were made of AlZn5.5MgCu aluminum alloy. The experimental tests were carried out using 3 flute end mills made of carbide type DK 460UF, commonly used for cutting tools dedicated to machining aluminum alloys and recommended by Gühring. It is an ultra-fine cemented carbide with a grain size of about 0.5 µm and hardness of 1620 HV. The recommended cutting speed for this material was determined by the manufacturer and equaled v c = 700 m/min. All the tools used in experimental tests had polished surfaces of the flutes, which minimized the possibility of the occurrence of the adhesive phenomena. Four end mills were used, each with a different shape of a cutting edge ( Fig. 3 ). A continuous (notation MC1), sinusoidal wavy fine (MC2), sinusoidal wavy thick (MC3), and interrupted rectangular (MC4) shape of a cutting edge were used.
The milling tests were conducted with constant parameters of: axial depth of cut a p and cutting speed v c ( Table 1 ). The value of the cutting speed v c was a result of the carbide manufacturer's recommendations, whereas the value of the axial depth of cut was determined based on the modal analysis of the test stand system. A critical value of the axial depth of cut was determined a pkryt = 15 mm, for which the system is always stable regardless of the spindle rotational speed. The variable cutting parameters were the radial depth of cut a e and the feed per tooth f z (Table 1). The experimental tests were carried out based on a three-level full design of experiment PS/DK 3n, modified taking three levels of values for a e and f z . As a result, for each tool, 9 experimental tests were carried out, while some tests were characterized by a constant cutting volume. 
Results and discussion
For each milling test, three cutting force components were recorded, and each component was analyzed separately. First milling tests were carried out with end mill with the continuous shape of a cutting edge. Such a shape of a cutting edge is commonly used in milling tools, and models of cutting force components for such geometry are well known. However, the experimental tests for the end mill with a continuous shape of a cutting edge were carried out in order to obtain reference values for the remaining geometries.
Analysis of the results
The analysis of the results of the tests carried out with the end mill with a continuous shape of a cutting edge indicates that all cutting force components change monotonically. Both in the case of feed per tooth f z and the radial depth of cut a e , the increase of cutting force component values in the feed, normal to feed and axial directions is observed. It was also noticed that a change in feed per tooth f z at a constant radial depth of cut a e results in a much higher increase in all the cutting force components (even up to about 50 %), than a change in a e at a constant f z (increase only up to about 20 %). The obtained values were adopted as reference for end mills with a modified shape of a cutting edge in order to present the effect of the shape of a cutting edge on cutting force values in relation to the conventional end mill. The relative change in force components was calculated from the equation:
Where x is a current value of the analyzed cutting force component and x ref is the respective value of the cutting force component for the end mill with a continuous shape of a cutting edge.
In order to present the influence of the cutting edge shape modification on the values of F f force component, the results are presented graphically in the form of values calculated according to the Eq. 1 in relation to the continuous shape of a cutting edge. Analyzing the values of the feed cutting force component for various shapes of a cutting edge, significant differences can be observed in comparison with an end mill with a continuous shape of a cutting edge. Negative values mean a decrease in force compared to the standard end mill (Fig. 4) .
The presented results can lead to a conclusion, that a modification of the shape of a cutting edge has a great impact on the values of the F f cutting force component. Application of the wavy fine or wavy thick shape of a cutting edge can lead to a decrease in the F f component from a dozen up to 35 %. In addition, the higher the cut layer cross-section, the higher the reduction in the F f component value. However, using an interrupted rectangular shape of a cutting edge has a different impact on the F f component values, depending on the cutting parameters. For radial depth of cut a e = 8 mm, an increase in F f values was observed in relation to MC1 end mill. However, for higher values of a e , a significant reduction in the feed cutting force component was observed. For all the end mills, the highest decrease in feed force component was observed for higher values of a e . It can be an effect of the increase in the arc of engagement as well as employing more cutting edges, which leads to a higher thickness of the cut layer.
The normal to feed cutting force component F fN was then analyzed. The value of the normal to feed component is mainly responsible for the mechanical load on the workpiece's wall and its possible deformation. Moreover, it causes bending stresses in the tool. Thus, the goal is to minimize F fN value. The recorded values of F fN can lead to a conclusion, that using a wavy or interrupted shape of a cutting edge does not affect the force values in comparison with the continuous shape of a cutting edge. A monotonic increase of F fN component along with the increase in feed per tooth f z and radial depth of cut a e was noted. It may also be observed, that a larger gradient of the normal to feed component increase occurs when changing feed per tooth f z value. The research also shows that the use of a cutting shape modification results in a significant reduction in F fN component for all pairs of technological parameters in comparison with the MC1 end mill. This is confirmed by the results of the F fN component in relation to the values recorded when milling with the MC1 end mill (Fig. 5 ). Based on the conducted experimental tests, it can be noted that the highest reduction in normal to feed component F fN was obtained for end mills with the wavy shape of a cutting edge, on average by 25 % in relation to the end mill with the continuous shape of a cutting edge. The highest reduction in normal to feed component F fN was observed for cutting parameters a e = 8 mm and f z = 0.075 mm/tooth. For the end mill with a wavy thick shape of a cutting edge a 40 % decrease, and for the end mill with a wavy fine shape a 32 % decrease in normal to feed component were recorded in relation to the end mill with the continuous shape of a cutting edge. In the case of the interrupted shape of a cutting edge MC4, a reduction in normal to feed component of about 15 % was observed in relation to the end mill with the continuous shape of a cutting edge. Moreover, for the pairs of parameters a e = 8 mm and f z = 0.15 mm/tooth, a e = 12 mm and f z = 0.1 mm/tooth, a e = 16 mm and f z = 0.075 mm/tooth and while maintaining constant cutting volume Q w = 594 cm 3 /min it can be noted, that the relative change in normal to feed component F fN value was at the same level for all tested shapes of a cutting edge.
The third measured and analyzed component of the cutting force was the axial component. In the case of milling, the component acts in the direction of a tool's axis and creates compressive stresses of the tool. Stiffness of a tool is much higher in the axial direction than in the radial direction, so even relatively high values of the F a component do not lead to the loss of machining stability.
The recorded values of F a prove that using end mills with the interrupted or wavy shape of a cutting edge leads to a reduction in axial cutting force component F a , regardless of the f z and a e parameters. Moreover, changes in the F a component are monotonic along with the increase in feed per tooth f z and in the radial depth of cut a e . Fig. 6 presents the changes of the axial force component in relation to the end mill with the continuous shape of a cutting edge.
The lowest values of the axial cutting force component were recorded for the end mill with the wavy thick shape of a cutting edge. The axial component was lower on average by about 18 % in relation to the end mill with the continuous shape of a cutting edge. The results obtained for the MC2 end mill also show a significant decrease in the axial component F a , on average approx. 18 % for the radial depth a e = 16 and 8 mm, while for a e = 12 mm the recorded decrease was equal approx. 3 % in comparison with the end mill with the continuous shape of a cutting edge. In the case of MC4 end mill, the value of the axial cutting force component was reduced as well. The average relative value of the axial component F a was about 12 % lower for the tested technological parameters in relation to the end mill with the continuous shape of a cutting edge. The comparative analyses indicate clearly that using a modifying shape of a cutting edge in end mills has a significant impact on the values of the cutting force components. Utilizing a noncontinuous cutting edge results in the division of the cut layer and division of the chip. Moreover, the effective number of cutting edges is changed. In the case of the continuous shape of a cutting edge, the cutting edge is in contact with a workpiece along its entire length. In the case of MC2, MC3 and MC4 end mills, the cutting edge is in contact with a workpiece in several points. As the results and analyses show, the division of the machining allowance and non-continuous contact of the edge with a machined material in most cases has a positive influence on the machining process. In most cases, a significant reduction in cutting force components, mainly normal to feed component F fN , was recorded. However, in order to be able to design the machining process and to determine the cutting force components values for any values of technological parameters, it is necessary to develop mathematical models of the cutting force components.
Modelling of the cutting force components
In order to develop mathematical models, statistical analyses of the obtained results were conducted. The analyses were performed in JMP 12 software employing response surface methodology (RSM). The general form of the response equation is in the form:
where A is constant coefficient, B and C are coefficients of main linear effects, D and E are coefficients of main square effects, and F is coefficient of the interaction effect.
Subsequently, the significance of obtained interactions between the technological parameters was analyzed. The boundary level of statistical significance of each parameter was set at 0.05. Table 2 presents the levels of statistical significance of the influence of each component of the equation on the value of the cutting force components. Analyzing the obtained values of levels of statistical significance for the end mill with a continuous shape of a cutting edge, it can be noticed that the value of the feed cutting force component F f is very much dependent on the feed per tooth f z and on the radial depth of cut a e . In the case of the normal to feed cutting force component F fN as well as the axial component F a , the forces were additionally influenced by the value of the product of the f z and a e parameters. Considering the remaining shapes of a cutting edge it can be observed, that for the interrupted shape of a cutting edge, the value of the feed cutting force component F f depends mainly on the feed per tooth f z , whereas the value of the normal to feed cutting force component F fN and the axial cutting force component F a , as in the case of the end mill with a continuous shape of a cutting edge, depends on both the a e and f z parameters. When analyzing end mills with wavy shapes of a cutting edge, it can be concluded that the values of the cutting force components depend on both the a e and f z parameters.
By rejecting the components of the equation, for which the level of statistical significance was over 0.05, models of the cutting force components for each tested end mill were developed. The models of the cutting force components are presented in Table 3 . For all of the developed relationships, the coefficient of determination R 2 above 0.9 was obtained, which indicates a very good fit of the models. Subsequently, the responses of the developed models for the full range of parameters f z and a e were determined. The results are presented in the following graphs.
All the developed models were tested in terms of statistical significance with the use of analysis of variance. The probability value for all the developed models was equal p < 0.0001. It means, that in each case the value of probability was lower than the assumed level of significance µ = 0.05. Next, the assumptions of the analysis of variance with the normality of residuals were tested. The normality of residuals was checked using the Shapiro and Wilk's test. For all the developed models the analysis proved, that the residuals are normally distributed.
It can be observed that in the case of MC1 end mill, the model of the feed cutting force component F f is completely different than models of the other end mills with the modified shape of the cutting edge (Fig. 7) .
The obtained graph for the MC1 indicates the influence of the radial depth of cut a e on the F f component value. In the case of the remaining end mills, the F f force depends exclusively on f z . The difference in the F f component value of almost 200 N in favor of the MC2, MC3 and MC4 end mills is also noteworthy. These differences result mainly from the division of the machining allowance due to the division of the cutting edge with a wavy or interrupted profile. This results in a decrease in the F f component and in a change of the model.
A comparison between the graphical representations of the normal to feed component F fN models shows different relationships than in the case of the F f component (Fig. 8) . It is evident, that adopting a modification in the shape of a cutting edge leads to a significant reduction in the F f component that equals for the maximum values of a e and f z up to 400 N. However, a change in the shape of a cutting edge does not affect the F fN component's model uniformly.
It turns out, that for MC3 and MC4 end mills the functions are not the same as for the end mill with the continuous shape of a cutting edge. Only the MC2 end mill is characterized by a different form of the F fN component's model. The obtained surface is clearly curved, which means a nonlinear and higher impact of mainly radial depth of cut a e on the F fN value. This may be explained by the very fine division of the cutting edge which results in high chip defragmentation. As a result, for low values of a e and f z , the value of the F fN component is much higher than for MC3 and MC4 end mills. This, in turn, means that the MC2 end mill is mostly dedicated to milling with large cut layer cross-sections. The analysis of graphical representations of the axial component F a models allows to observe, that only in the case of the MC4 end mill a function independent of the radial depth of cut a e was obtained ( Fig. 9 ). In the case of other end mills, the value of the F a component also depends on the radial depth of cut, the strongest for MC2 and MC3 end mills. Moreover, for wavy shapes of a cutting edge, the obtained surface is clearly curved which indicates a nonlinear influence of mainly a e parameter on the force value. The highest influence was noted for the average values of the radial depth of cut. The value of the F a component is noteworthy as well, and it is the lowest for the MC4 end mill. It is the result of the fact that only a modification of the cutting edge shape in the rectangular form leads to a significant decrease in the axial cutting force component F a . 
Conclusion
In order to reduce the time and cost of manufacturing, high performance milling becomes an increasingly popular method of machining. End mills with the interrupted or wavy shape of a cutting edge are dedicated to this type of machining. Due to the variety of cutting edge shape modifications, experimental tests of the influence of the shape of a cutting edge on the cutting force components for three types of shapes (wavy fine, wavy thick and interrupted rectangular) were conducted. Analyzes of the results of the experiment were carried out by comparing them to the end mill with a continuous shape of a cutting edge as a reference tool.
It was observed, that modifying the shape of a cutting edge has a significant impact on the F f cutting force component, adopting the wavy fine or wavy thick shape of a cutting edge leads to the decrease in F f component from a dozen up to even 35 %. Moreover, it was determined, that a change in the shape of a cutting edge results in a decrease in the normal to feed cutting force component F fN , the highest for end mills with wavy shapes of a cutting edge, on average 25 % in comparison with the end mill with the continuous shape of a cutting edge. Modifying the shape of a cutting edge leads to a decrease in the axial cutting force component F a regardless of f z and a e parameters. The highest decrease of the axial component, of approx. 18 % in comparison with the end mill with a continuous shape of a cutting edge, was obtained for the end mill with a wavy thick shape of a cutting edge.
Adopting a modified shape of a cutting edge makes the Ff component dependent only on the fz parameter, whereas in the case of the continuous shape of a cutting edge, the Ff component depends on both ae and fz parameters. In the case of the end mill with a wavy fine shape of a cutting edge, a different form of the FfN component model was obtained than in the case of other end mills. Radial depth of cut ae exhibits a non-linear influence on the FfN value. Moreover, adopting an interrupted rectangular shape of a cutting edge leads to the lack of influence of radial depth of cut ae on the value of the axial component Fa.
The obtained test results allow to formulate a few practical conclusions and advises for users of end mills with serrated cutting edges. Using end mills with serrated cutting edges allows to significantly reduce the values of the cutting force components. Thus, it is possible to increase cutting parameters compared to the machining when using cutters with a continuous shape of a cutting edge. As a result, using end mills with serrated cutting edges, one may achieve higher milling efficiency. Another practical conclusion resulting from the developed cutting force components' models is the lack of influence of radial depth of cut ae on the value of the feed cutting force component Ff for end mills with serrated cutting edges. It follows that in practice using end mills with serrated cutting edges, higher values of radial depth of cut ae can be used in comparison with the conventional cutters. Higher ae values allow to increase machining efficiency without the risk of increasing the tool's load in the feed direction.
The test results confirm, that end mills with serrated cutting edges should be used in high performance machining, where high values of fz and ae occur. In addition, such end mills could potentially be applied to machining enclosed spaces, pockets or thin-walled structural elements. Lower values of the cutting force components in feed and normal to feed directions result in lower tool's deflection and lower deflection of milled thin walls. Thanks to this advantage, using end mills with serrated cutting edges helps to increase machining efficiency and at the same time allows to achieve the higher shape and dimensional accuracy of thin-walled parts.
In future works, authors plan to analyze surface roughness obtained after milling with end mills with serrated cutting edges. Despite the fact, that such cutters are dedicated to rough machining, surface topography after rough machining influences the finishing process. In addition authors plan to conduct experimental and modelling tests concerning different shapes of a cutting edge, with a focus on the analysis of the influence of the wavy and interrupted shape pitch on the high performance milling of aluminum alloys.
